The presence of positive free-air gravity anomalies over ocean ridges is supported by both the global solutions derived essentially from satellite observations and by surface measurements. The anomalies over the ridges observed by the satellite solutions are described by the harmonics of degree 8 or 9 and higher and they can be supported statically if maximum shear stresses in the lithosphere of about 1200 or 1500 bars are possible. This is not entirely ruled out by the limited information available. Thus in interpreting the global gravity field, the role of the lithosphere as a layer of finite strength cannot be ignored. A decrease in the amplitude of the anomalies over the ocean ridges with increasing spreading rate is tentatively suggested although further analyses, particularly of surface data, are required. The surface measurements indicate anomalies over the ridges that are of shorter wavelength than those observed in the satellite solutions. These anomalies can be explained by the thermal expansion of the lithosphere at the ridges, suggesting that gravity measurements can be used as constraints on the lithospheric models in the same was as heat flow and topography measurements.
Introduction
To interpret the gravity field in terms of plate tectonics, two options exist: the gravity anomalies may be the consequence of flow in the asthenosphere or they may be the result of density anomalies in the lithosphere. In other words the anomalies must be maintained either by flow in the mantle or by the finite strength of the lithosphere (McKenzie 1967) . In the latter case the anomalies can still be the consequence of asthenospheric flow or plate tectonics. McKenzie argued that the gravity field should not be interpreted in terms of flow in the mantle until it can be shown that the anomalies cannot be supported by a lithosphere of finite strength. He concluded that the short wavelength anomalies, even the very large amplitudes associated with the Tonga trench, for example, can be supported by the lithosphere if its thickness is about 100 km. The long wavelength features obtained by satellite methods on the other hand cannot be supported in this manner and dynamic processes in the mantle are required to explain them. Thus Kaula (1969 Kaula ( , 1972 interpreted the recent gravity field obtained by Gaposchkin & Lambeck (1971) in terms of flow in the asthenosphere. Kaula noted the general correlation that appears between positive global gravity anomalies and the ocean ridges in the Gaposchkin & Lambeck solution. This correlation is not, however, as evident as for the gravity anomalies found behind the island arcs in the same solution. But if one considers the regional variation of gravity over the ridges the correlation improves. In other words, the anomalies over the ridges are of relatively shorter wavelength than the other major features in the global gravity field. One also notes a tendency for the anomalies to be strongly positive when the spreading rates are low and to become smaller or approach zero as the spreading rates increase. Thus one finds strong regional anomalies over the North Atlantic where the spreading rates are about 1 cm/year and decreasing in amplitude towards the South Atlantic where the spreading rates are about 2cm/year (Le Pichon 1968) . Similarly the gravity anomalies over the East Pacific rise tend to decrease in amplitude as the spreading rates increase. Other examples can be found as can, of course, exceptions but these correlations are sufficiently suggestive to warrant further study.
In interpreting the global gravity field several characteristics of the solution should be kept in mind. First, the horizontal resolution is about 1200 km and shorter wavelength features cannot be identified. Second, the accuracy of these long wavelength anomalies is about 8-10 mgal (Gaposchkin & Lambeck 1971; Lambeck 1971) . Third, it is not possible to say to what extent the long wavelength features reflect long wavelength variations in the density of the Earth's mantle or whether they are due to a smoothing of large amplitude anomalies of wavelengths shorter than the resolution of the global solution. Finally, only the regional variations in gravity over an area may be of interest and in this case the dominant longer wavelength features may distort the picture. Thus the gravity field at the Carlsberg ridge is dominated by the deep depression south of India yet there is quite a distinct regional positive over this ridge.
The global gravity field determined by Gaposchkin & Lambeck (1971) is represented in Fig. 1 with respect to the hydrostatic equilibrium ellipsoid of flattening 1/299.8. Gravity profiles selected at about equal distances across the oceanic ridges, as indicated in Fig. 2 , have been computed and are shown in Fig. 3 . Almost all of the profiles show a relative positive anomaly at, or very close to, the ridge axis. The major exception occurs for the profiles 15 and 16 where the gravity field is dominated by the large depression at 65" south latitude and 180" longitude. The anomalous nature of this feature has already been pointed out by Kaula (1969) . The wavelength of all these features except the already mentioned anomaly near Antarctica and the large positive anomaly over Iceland (profile 1, Fig. 3 ) do not exceed 5000 km. That is, they are represented by the harmonics of about degrees 8 and higher. Fig. 3 gives the gravity anomalies over the ridges after the removal of all terms up to degree 8 in the harmonic expansion and in most cases they differ little from the anomalies computed with respect to the 1/299*8 figure.
Surface measurements over the ridges do not in general reveal clearly the long wavelength features found in the global solutions as the rugged relief of the ocean ridges causes rapid and large variations in the free-air gravity anomalies, and unless very dense coverage is available even ' smoothed ' profiles may not be very representative for any ridge section. Oceanic gravity maps have been published for the Atlantic Ocean by and for the Indian Ocean by Le Pichon & . Several profiles of gravity variation over ocean ridges are also given by Talwani (1970) . Typical results are given in Fig. 4 . The observed anomalies are always a maximum over the ocean ridge but their wavelengths are much shorter than those found in the global solution. Unpublished data for the East Pacific rise give similar profiles.
Whether ocean ridges should be associated with positive or negative gravity anomalies has been frequently discussed. Thus Runcorn (1965) stated that there must be negative anomalies over the rising limb of a convection cell because of the mass deficiency in the rising current. McKenzie (1968) . however, pointed out that there are two competing effects; there is the mass deficiency due to the low density but at the same time there is an upward surface deformation. It is not immediately obvious as to which of these effects is the more important but clearly the lithosphere must play a significant role. Thus if the lithosphere acts as a free boundary the anomalies would be positive but if it acts as a fixed boundary the anomalies would be negative. At the same time the lithosphere could contribute to the observed gravity anomalies in the following ways:
(i) There are mass anomalies in the lithosphere that are supported by the finite (ii) Mass anomalies occur in the lithosphere that are the consequence of (iii) There are mass anomalies in the lithosphere that are supported by the
The first possibility can be answered by assuming that the observed anomalies are statically supported by the lithosphere and calculating the resulting stresses. If these stresses exceed the critical value then this hypothesis must be ruled out. This is investigated further in Section 3 of this paper. The conclusion that can be drawn is strength of the layer.
asthenospheric flow.
asthenosphere. that if those gravity anomalies represented by harmonics of degree about 9 and higher are supported statically by the lithosphere, the maximum shear stresses occurring are of the order of 1200-1500 bars. The second possibility could arise from an intrusion of hot asthenospheric material into the lithosphere thereby giving rise to a thermal expansion of this layer. The asthenosphere would be the cause of the anomaly but it would not contribute to it. This hypothesis is investigated in Section 2. The conclusion drawn is that this mechanism can explain the observed short wavelength gravity anomalies generally found over the ocean ridges by surface measurements but that it cannot explain the longer wavelength anomalies found in the global solutions. The third possibility almost certainly requires some form of convection in the asthenosphere and consequently a separation of the part of the anomaly in the lithosphere from that due to convection is not possible from gravity measurements alone.
Gravity models for ocean ridges
Langseth et al. (1966) , McKenzie (1967) and Sclater & Francheteau (1970) have developed models for the oceanic lithosphere to explain the variations in the observed heat flow over ocean ridges. In these models basaltic type intrusions occur in dykes along the ridge axis and as the ocean floor spreads the hot rock near the surface cools. Langseth & Von Herzen (1970) and Sclater & Francheteau (1970) conclude that this intrusive model is quite compatible with the heat flow data. Sclater & Francheteau also computed the ocean floor topography that would result from the thermal expansion of the lithosphere and their computed models are in good agreement with those observed and exhibit a dependence on the rates of spreading indicated by marine magnetic anomalies.
In the heat flow model of Sclater & Francheteau (1970) the lithosphere is represented by a slab of thickness of between 50 and 100 km. Lithosphere is created by intrusion of hot mantle materials along the ridge axis without significantly distorting the isotherms within the low velocity layer underlying the ridge. Thus the asthenosphere is expected to contribute towards the gravity anomalies observed over the ridges only in so far as it may replace lithospheric material resulting from the small uplift of the lithosphere at the ridge axis (McKenzie & Sclater 1969) . Both the topography and the gravity field can be computed once the temperature field is specified. The appropriate equations are given by McKenzie (1967) and Sclater & Francheteau (1970) . The adopted values for the basal temperature and thermal parameters are the same as used by Sclater & Francheteau.
To compute the topography due to the thermal expansion it is assumed that isostatic compensation occurs at the lower level of the lithospheric slab at great distance away from the ridge. Furthermore, the lithosphere is considered incompressible and its total mass is preserved. The mass/unit area is consequently constant for constant depth. It is also assumed that the thermal expansion occurs only in the vertical direction. The assumption of incompressibility does not affect the topography or gravity models calculated here since both are the result of differences between a normal and a deformed model of the lithosphere and the effect of any compression will be the same for both models to an adequate approximation. Sclater & Francheteau have taken the density of the asthenosphere to be equal to that of the lithosphere at the surface temperature. This implies a density discontinuity at the base of the lithosphere and to avoid this we have taken the density to be that of lithospheric materials at the basal temperature. The integrals to be evaluated are: The formulation of the temperature field in the lithosphere and the surface topography have been developed for a horizontal slab by Sclater & Francheteau but for the calculation of Ag the Earth's curvature should be accounted for. Rather than reformulate the equations of the temperature field for a spherical shell we have projected the horizontal model on to a cylinder as indicated in Fig. 5 with the ridge axis (the y direction) along a generator of the cylinder. This approximation is adequate as the slab is thin compared with the radius and the temperature field varies relatively slowly with distance away from the ridge axis. The Earth's curvature also introduces only negligible second order terms into the expressions for the topography.
Then, with the following notation R = Earth's mean radius, d , = depth of water away from the ridge, h = thickness of the lithosphere, z = height of the element 6V above the base of the undeformed lithosphere, c1 = geocentric angle of 6V with respect to the ridge axis, a* = geocentric angle of x* with respect to this axis,
As the model is linear in they direction, the integration in this direction is carried out analytically between the limits y = f m . The integration with respect to z is carried out in parts:
(i) Between the limits z = 0 and z = E; where E, ' is the height of the deformed base of the lithosphere above the undeformed level. The density of this region is assumed constant and equal to that of lithospheric material at the basal temperature. For the normal model ex' = 0;
(ii) Between the limits z = E, ' and z = E, where E, is the height of the topography at x. The density is given by: at a point x, z in the deformed layer and by
at a height z in the undeformed layer. p is the density of the lithosphere at 0 "C a' is the coefficient of thermal expansion and T,(z) is the temperature at x,z; (iii) Between the limits z = h+e, and z = h+d, with pw = 1 g~m -~.
The E, and ex' are given in Appendix 1, equation 15, of Sclater & Francheteau (1970) . The integration with respect to x is taken to ensure that the contribution to Ag of the regions beyond these limits is less than 0.1 mgal. The integration step sizes are also taken to be compatible with an accuracy of better than 0.1 mgal.
The models summarized in Figs 6-8 displays three features (i) a decrease in the amplitude with increasing spreading rate, (ii) an increase in wavelength with increasing spreading rate, and (iii) negative values on the flanks of the ridge. In Figs 6 and 7, CO, the coefficient of thermal expansion is equal to 4 x 10-5/0C. The effect of increasing the thickness of the lithosphere is to increase both the amplitude and the wavelength of the anomaly. Sclater & Francheteau found that the model topography agreed best with the observations for h = 100 km, and a' = 4 x 10-5/oC.
The solution of the equations governing the temperature distribution in the lithosphere takes the form (Sclater & Francheteau, Appendix 1, equation ( 
R is the thermal Reynolds number and Ac is the adiabatic temperature gradient. For the topography only the odd terms in the expansion contribute and of these only ti = 1 is important. For the gravity anomalies, however, the terms n = 2, 3 and 4 are important for points near the ridge axis. Fig. 8 indicates the anomalies resulting from the term n = 1 only and near the ridge axis they are about 60 per cent of those computed for the model including the higher terms. Further away the difference is small. For n = 1 only, the boundary condition at x = 0 is not satisfied. Comparison of these model anomalies in Figs 6 and 7 with the observed profiles given in Figs 3 and 4 gives a reasonable agreement as far as both the amplitudes and wavelengths are concerned. There is, however, no clear dependence of the observed anomaly magnitude on the spreading rate. The general agreement nevertheless suggests that gravity data, like sea floor topography, can be used as a constraint on thermal models for ocean ridges. It also suggests that a detailed statistical analysis of surface gravity data over ocean ridges is of interest to determine whether or not there is any dependence of the anomaly amplitude and wavelength on the spreading rate as suggested by the above model. The thermal models do not explain the long wavelength anomalies found over the ocean ridges by the global solutions and no
Stresses in the lithosphere
The validity of applying McKenzie's conclusions to interpreting the gravity field solution of Gaposchkin & Lambeck (1971) is not immediately obvious. McKenzie (1967) used a two-dimensional model that is adequate for such linear features as features as trenches and ridges but on the global scale isogals generally enclose circular areas, at least for features with wavelengths of several thousands of kilometres. A three-dimensional model should therefore be used. Secondly, when McKenzie speaks of the wavelength of anomalies derived from satellite solutions he bases his conclusions on results available at that time, or up to degree 8 while the solution by Gaposchkin & Lambeck (1971) includes all terms to degree 16. That is, the resolution has been doubled. Thirdly, the value adopted by McKenzie for the critical stress of the lithosphere may be too low, particularly for oceanic lithosphere. Finally, McKenzie's estimates for the shear stresses in the linear model are too large by a factor of about 2 as in his equation (54) he has equated the Earth's mean density with the density of the lithosphere. Following McKenzie, the maximum shear stress for the three-dimensional model is:
where g is the gravity at the surface, p is the density of the lithosphere of thickness 2h and h t is the amplitude by which the lithosphere is deformed at the upper surface.
The dimensionless wave number k' is defined by k' = 27th/A where L is the wavelength of the deformation of the lithosphere. McKenzie's corresponding expression for the linear model is (equation (45)):
The gravity anomaly arising from this deformed layer is where j j is the mean density of the Earth and R is the Earth's radius. The first term in (2) is the gravity disturbance and the second part is the contribution due to 2AUJR where AU is the perturbing potential. This second term can usually be neglected for short wavelength features. IAgl is the peak to trough amplitude. McKenzie's equivalent expression (equation (54)) is: lAgl = 3ghtlR. Substituting (2) into (1) gives for the maximum shear stress
The gravity degree variances are defined as: and follow the empirical rule 100/ZmgalZ at least up to degree 16 (Lambeck 1971) . The average maximum shear stress arising from harmonics of degree greater than 1' can then be expressed as: Table 1 gives omnx for I,,, = 25, 2h = 100 km. Estimates for the maximum shear stress that the lithosphere can sustain are extremely uncertain. McKenzie (1967) adopted an upper limit of 200 bars for his discussions but added that there was little justification for this choice. Laboratory experiments on the deformation of rocks suggests that failure in shear does not occur until the shearing stresses reach several kilobars but these estimates are not necessarily applicable to the present problem because of the high loading rates of laboratory tests compared to geological conditions. Average stresses existing in the Earth's mantle can also be estimated from short period P waves. Wyss (1970), analysing South American earthquake records found that the apparent average stress reached an average value of about 270 bars between depths of 45 and 150 km. These apparent stresses are lower limits to the actual average stresses; the latter are about four or five times as great as the former, or as much as 1 kilobar or more at a depth of 100 km. These stresses are relevant to a lithosphere in a state of tension. If the intrusions along the ridges drive the plates apart the lithosphere would be in a state of compression and failure would occur at higher stresses than for tensile failure. If, as proposed by Elsasser (1967) , the separation occurs due to the plates being pulled away from the ridges by the weight of the cold slab sinking under the trenches, failure in tension will occur and the maximum stresses occurring will be about 1.5 kilobars (McKenzie 1969) . Near the ridge axis the lithosphere is thinner and warmer than elsewhere and the stress limit is undoubtedly lower since high frequency S,, waves do not originate at or cross active ridge crests (Molnar & Oliver 1969) . Thus all matters considered, a more realistic estimate for the lower limit for the strength of oceanic lithosphere may be about lo00 bars rather that 200 bars and values as high as 1500 bars appear possible. This agree with Jeffrey's (1962) estimate of the stresses that must be able to exist in continental lithosphere if such mountain complexes as the Himalayas are supported statically by a lithosphere overlying a fluid sub-stratum. If we accept 1500 bars as the average upper limit of the maximum shear stress of the lithosphere the results in Table 1 indicate that harmonics of degree 8 or 9 and higher could have their source in the lithosphere. For a limit of 1000 bars the harmonics of degree 10 and higher can be supported by the lithosphere.
D
Alternatively we can compare the gravitational potential energy stored in the model with that stored in the observed gravity field as done by McKenzie (1968). Substituting the 10-5/12 rule for the degree variances of the geopotential into equation (10) with pe = 5.5 g cm-3 and p, = 3.0 g ~r n -~. The two energy functions are plotted in Fig. 9 and they cross over at about degree 10 for a maximum shear strength of 1000 bars and at about degree 8 for 1500 bars. This is in agreement with the earlier results. The harmonics of degree 8 or 9 and higher are just the ones contributing most to the positive anomalies over the ocean ridges as can be seen in Fig. 3 . Unfortunately, the accuracy of the coefficients of degree greater than about 11 or 12 decreases (Gaposchkin & Lambeck 1971; Lambeck 1971 ) but the tentative conclusion can be drawn that at least part of the anomalies observed in the global solution could have a lithospheric origin and could be supported by the lithosphere.
Conclusion
The existence of regional positive free-air gravity anomalies over Ocean ridges is indicated by both global satellite solutions and by the surface gravity data. Of the major positive anomalies in the Gaposchkin & Lambeck (1971) solution only two (over the Hawaiian Islands and the Society Islands) are not associated with either zones of extension or of compression. The anomalies over the zones of compression are represented by harmonics of degree about 5 and higher whereas the anomalies over the ocean ridges are described essentially by the harmonic coefficients of degree about 8 or 9 and higher. The surface gravity measurements indicate positive freeair anomalies as well but of considerably shorter wavelength than those found in the global solution.
The thermal expansion of the oceanic lithospheric model of Sclater & Francheteau (1970) can be used to explain the positive free-air gravity anomalies generally found over ocean ridges, indicating that the gravity observations can be used as constraints in the further developments of thermal models in the same way as ocean-floor, floor-topographhy and heat flow have been used. The model gravity anomalies suggest a dependence on the spreading rate and a detailed statistical analysis of surface data is warranted to determine whether this relationship is reflected in the observations. The thermal models used here do not explain the longer wavelength anomalies found over the ocean ridges in the global satellite solutions. These anomalies, and similar ones elsewhere, could be supported statically by the lithosphere if this layer can sustain maximum shear stresses of between 1000 and 1500 bars. This is not entirely ruled out by the limited information available. Thus, in interpreting the Earth's global gravity field in terms of flow in the asthenosphere, the role of the lithosphere as a layer of finite strength capable of supporting some of the observed anomalies cannot be ignored.
